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ABSTRACT

An evaluation of six different multiple body ship motion
predietion codes, MVS-CSC, MVTDS, AQWA, ShipMo3D, AEGIR, and
LAMP-MULTI, was performed by the Naval Surface Warfare Center,
Carderock Division (NSWCCD). Each of the eodes in this evaluation was
chosen based on its aceessibility to the Navy or its use by US regulatory
ageneies. The evaluation was performed in two parts. The first part
compared the eapabilities of each code against a matrix of capabilities that
were important for predieting the usefulness of a base at sea to transfer
military equipment and personnel from a larger to smaller vessel.
Results of this evaluation show that all the codes have the same
capabilities for estimating the environment, caleulating the motions of the
ships in any configuration with respeet to each other, and accounting for
the hydrodynamic effects between the hulls. The major differences in the
capabilities of the codes were in the non-hydrodynamie factors and in the
degree of complexity used to model the hydrodynamic factors. AEGIR,
LAMP-MULTI, and AQWA allow for user supplied force routines in the
time domain and AQWA, LAMP-MULTI and MVS inelude some built-in
models for mooring lines and fenders. Also, the autopilot feature for
multiple ships was available only in the MVS and LAMP-MULTI codes.

The seeond part of the evaluation eorrelated two-ship model data
from a test performed at the Maritime Research Institute Netherlands
(MARIN) with the output from each of the codes. This correlation of the
codes yielded differing results. Overall all codes predicted heave and
pitch motions within 10% of the model test results exeept for the CSC
MultiVessel Simulator (MVS) and the D&P MultiVessel Time Domain
Simulator (MVTDS) whieh was 30% off of the model tests. For surge and
sway forees and roll and yaw moments LAMP-MULTI and AEGIR were
20% different from the model test, AQWA was 35%, the MVS code from
CSC and the MVTDS from D&P were 60 to 75 pereent different. and the
ShipMo3D was 160% different. The phase correlation yielded similar
results for piteh and heave, but was more uniform for the forces and
moments, resulting in 20 to 25 pereent difference.

ADMINISTRATIVE INFORMATION

This work was performed by the Seakeeping Division (Code 5500) of the
Hydromechanies Department at the Naval Surface Warfare Center, Carderoek Division
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was performed under NSWCCD Work Unit Numbers 05-1-5500-719, 06-1-5500-734,
07-1-5500-760, 07-1-5500-761, and 08-1-5500-779.




INTRODUCTION

The US Navy is preparing for a scenario in which a conflict area is not near a full
service port for the logistic delivery of military equipment and personnel. The port that
may be available near the conflict, could be one that is classified as ‘austere’ as it would
allow only smaller vessels and have few aids to navigation. Military cargo is generally
transported by Large Mcdium Speed Roll-on Roll-off (LMSR) ships. Establishing an
offshore seabase with multiple ships in close proximity would allow the transfer of
military equipment and personnel from the LMSR to a smaller one. This smallcr ship
could then navigate the austcre port and thus mitigate this logistics problem. It is planned
that this seabase could be formed as far as 100 nautical miles from the shore. At this
distance, the seabase could cncounter a wide variety of seaways. It is anticipated that the
seabase would only be set up and operational if the sea conditions were at or lower than
Sea State 4.

When two ships are in close proximity in a seaway, as in an operational seabase
configuration, complex hydrodynamic interactions take place. Large wave induced
motions of each of the ships could diminish its functionality. The motions of a widc
variety of ships in close proximity can be predicted using multiple-ship motion
simulation codes. There are many multiple-ship motion prediction codes available to use.
The Office of Naval Research (ONR) sponsored an investigation by NSWCCD to
evaluate the capabilities of the various codes and the accuracy of their motions
predictions.

Each of the computer simulation codes that were included in this evaluation wcre
chosen bascd on either thcir availability to be used by NSWCCD, or if the code is being
used by a regulating agency such as the American Bureau of Shipping (ABS). The final
set of six codes included the MultiVessel Simulator (MVS) written by Computer
Sciences Corporation (CSC)' ", the Multiple Vessel Time Domain Simulator (MVTDS)
written by British Maritimc Technology Designers and Planners (BMT D&P)’, Large
Amplitude Motion Program (LAMP) for multiple ships or LAMP-MULTI by Sciencc
Applications International Corporation (SAIC)’, AEGIR developed initially at the
Massachusetts Institute of Technology (MIT) and now supported by Flight Safety
Technologies®, AQWA developed by ANSYS Inc.”, and ShipMo3D developed by
Defence Research and Development Canada (DRDC) Atlantic’. Two additional codes,
WAMIT® developed at MIT and marketed by WAMIT Inc., and FD-Waveload from
MARTEC Ltd’ were also examined but not formally included in the evaluation.

The evaluation of these codes was performed in two parts. First, a matrix of
capabilities was cstablished that represented the required functions that any simulation
code should have for evaluating the motions of the ships composing a seabase. The
documentation for each of the codes was then reviewed to determine if the capabilitics
listed in the matrix were addressed. The sccond part of the evaluation determined thc
veracity of the predicted motions of each code. This was conducted by running each
code for eight conditions that were part of an overall model test matrix of two ships in
close proximity. The results of the predictions of the codes were then comparcd to the

" References are located on page 189.
¥ McTaggart, K., “ShipMo3D Version 1.0 User Manual for Frequency Domain Seakeeping Predictions for
Two Ships in a Seaway,” unpublished manuscript Defence R&D Canada, Atlantic.



model test results. This report documents the procedurc of the evaluation and provides
the results. As is the ease with many computational tools, the codes evaluated in this
effort are eonstantly being revised and improved by their developers. This evaluation,
therefore, only includes the versions of each of these codes as they were on | January
2008.

MATRIX OF CODE CAPABILITIES

The task of evaluating each of the multiple ship motion prediction codes to assess
their respective capabilities was twofold. First, a matrix of core required eapabilities tor
determining the funetionality of the seabase in a prevailing seaway had to be established.
then, second, determine if each of the codes addressed those capabilities. The capabilities
were broken down into four major categories; environment, seabase configuration,
hydrodynamic factors and non-hydrodynamic factors.

The first major eategory of capabilities was the representation of the environment,
specifically waves, wind, current and water depth, and how it was modcled in cach of the
codes. Thc waves should be represented in both irregular spectral format and regular
sinusoidal form. These two environmental factors, regular and irregular representations of
thc seaway, are the most important factors the codes should be able to accommodate.

The irregular wavcs should be able to be represented as Bretsehneider, JONSWAP and
Ochi-Hubble bimodal speetra. The ability to model the forces from wind and current,
accounting for both their speed and direetion, is also desirable, but it is of secondary
importanee. Finally, since the seabase eould be loeated eloser than 100 nautical miles to
shore, the computational model ship motion caleulations should be able to handle eases in
finite depth water. This capability, too, is of secondary importance.

The next major eategory was the configuration of the seabase of which there were
four elements considered. First, each code should be able to predict thc motions of at
least two ships, and possibly more, in ¢lose proximity. Second, thc motion predietion
code should be able to accommodate a variety of ships of different hull gcometries
including multi-hulled vessels, Surface Effect Ships (SES), and Air Cushion Vehicles
(ACV). Third, the codes should model motion eontrol systems such as active fins and
rudder roll stabilization. Finally, the codes should be able to model the motions of the
ships of the seabase when they are in any arbitrary alignment. This would inelude elose-
in or far-apart, amidships-to-amidships, Med-moor, and bow-to-stern among others. Of
these factors, the number of vessels composing the seabase, and the arrangement of the
seabase are the two primary capabilities the codes should have. The capability to include
different hull geometries 1s also important (for the secabase may need to accommodate the
Joint High Spced Vessel (JHSV), a possible eatamaran vessel and the SES T-Craft) but
not as important as the other two factors.

The hydrodynamie factors category includes a number of difterent elements.
First, the programs should aecount for forward speed. Although the specds of the ships
while in a seabase formation are generally slow, much less than a Froude Number of 0.4,
it 1s still important to make surc that the programs ean account for forward speed. The
sccond hydrodynamic faetor is whether the program runs in the frequeney or time
domain. Frequency domain calculations are generally quicker and the response
amplitude operator (RAQO) speetrum can be easily determined. However, the non-linear
aspccts of the motions and mooring econfigurations cannot be discerned. Time domain




calculations can include the non-linear hydrostatic and Froude-Krylov forces and some
other important hydrodynamic forces, such as viscous roll damping, as well as outside
forces, such as those from mooring lines and fenders. Third, because in many cases
during the formation of the seabase one ship will be in the lee of the other, the program
should include wave shadowing effects on the motions. Next the codes should account
for the different types of hydrodynamic forces acting on the ships. These forces include
the propulsors/thruster forces, the appendage forces including rudders, bilge keels, skegs
and fins, and any second order drift forces. Finally, the code documentation was reviewcd
to determine if non-linear effects of the free surface, hydrostatics, and dynamic motions
were accounted for in the programs. These capabilities are less important as they account
for small and second order effects.

The final capability category includes the non-hydrodynamic factors that could be
present in a two ship scenario and whether the codes account for those forces and
attributes. The forces include the mooring and fender systems that may be deployed for a
skin-to-skin operation, and ramp forces that would be applied if a ramp were used for
cargo transfer. Other non-hydrodynamic factors in the code capability matrix include
autopilot, ship overtaking scenarios, and whether the codes are able to fix some of the
motion calculations to yield only forces and moments. Again, the non-hydrodynamic
capabilities that show the utility of the seabase would be in the mooring, ramp, and
fender systems so thcse capabilities would be the most important.

This capability matrix is shown in Tables 1 through 4. Once the matrix was
established, the capabilities of each of the codes in this evaluation were compared against
it. These capabilities were determined primarily from the documentation that came with
each code. Additionally, no documentation or code updates were accepted after January
1, 2008. Several codes allow the user to create his own subroutine to be eithcr compiled
with the code or linked through a DLL. This utility can be used to include a non-
hydrodynamic force or other capability that is not inherent in the code itself. Instances in
which the capability was not currently present in the code but could bc added by a user-
supplied program are noted in Tables | through 4.

A review of the documentation of the six codes was then conducted to determine
how well each codc fulfills the capabilities in the matrix. As shown in Table 1, all codes
can model the seaway by regular waves and all except ShipMo3D can model irregular
waves according to the user documentation that was in hand as of 1 January 2008. The
developer of ShipMo3D* has stated that the capability to model irregular seaways has
been coded into the multiple vessel ShipMo3D model, but the documentation as of the
freeze date does not reflect that. The irregular wave environment can be modeled by each
of the other codes by using one of the following spectra: Bretschneider, JONSWAP, and
Ochi-Hubble. Most simulations, except ShipMo3D, can include routines to model the
effect of wind and current speed and direction. Finite water depth effects can be
accounted for in LAMP-MULTI, AEGIR, and AQWA. For the MVS and MVTDS
codes, the finite depth effects are only included in the resulting predicted motions if the
programs, such as FD-Waveload’, that were used to calculate the added mass, damping
and other hydrodynamic parameters for the formulation of the impulse response function
include finite depth effects.

* McTaggart, K., ibid



Thc next major category was the configurations of ship gcometrics and the
scabase, as shown in Table 2. All of the codes can predict the motions with two or more
vessels and they can all accommodate multi-hull vessels and arbitrary but steady body-to-
body alignment. None of the codes can predict the motions of surface effect ships (SESs)
or fully skirted air cushion vehicles (ACVs) in the presence of other ships. Simulation of
motion control systems on ships in the multi-vessel environment can only be addresscd
by LAMP-MULTI and ShipMo3D. LAMP-MULTI can add passive anti-roll tanks, a
moving mass systcm for ride control, force-specified anti-rolling fins, rudder roll
stabilizer and a general foil controller. ShipMo3D can model passive motion control
such as bilge kecls, skegs, and fins, and active motion control of rudder roll stabilization.
AQWA and AEGIR can accept an external program with motion control algorithms.

Hydrodynamic capabilities of each of the codes are not as straightforward.
Although all of the codes in this cvaluation can account for the hydrodynamic cffccts on
the ship motions of forward speed and wave shadowing, cach of the codes has varying
capabilitics 1n accounting for the other hydrodynamics. LAMP-MULTI, AQWA, and
ShipMo3D includc routines integrated in their codc to include the propulsor and thruster
forces. AEGIR can account for thesc forces if the user adds an external routing, and the
MVS code handles these forces in AgileShip which is then fed into MVS. It is not
cvident from the documentation of the version supplied to NSWCCD how MVTDS
includes the propulsor and thruster forces. The typces of hydrodynamic calculations also
differ with each of the codes. LAMP-MULTI, AEGIR, and AQWA run time domain
calculations, though AQWA also has a frequency domain module that can be cxercised.
ShipMo3D currently calculates the multi-ship motions only in the frequency domain, and
MVS and MVTDS codes are time domain tools, although the initial program that
calculates the added mass and damping coefficients, FD-Waveload’, is a frequency
domain program. Appendage forces arc also handled difterently between each of the
codes. For the MVS, MVTDS, AQWA, and ShipMo3D, the lift force from the rudders
and viscous roll damping from thc bilge keels are accounted for within the programs.
Within LAMP-MULTI, the forces from wing-like and plate-like appendages are
computed from empirical formulae to account for rudder and bilge keel forces. AEGIR
can model fins and rudders directly as part of the hydrodynamic boundary value solution
or include the forccs on these appendages using empirical lift and drag coefficients, while
bilge kecl forces are included through a simple linear model that calculates viscous
damping. The final hydrodynamic factors that arc included in the code capabilities
include the non-linear cffects of the frce surface, non-linear hydrostatics and Froude-
Krylov forccs, and the second order drift forces. Modeling the free surface is linear i all
but AEGIR whcre the user has the option of selecting non-lincar wave radiation and
diffraction. Accounting for the non-linear hydrostatic and Froude Krylov forces is only
performed in LAMP-MULTI, AEGIR, and AQWA. MVS, MVTDS and ShipMo3D
provide only linear results. None of the codes, except AQWA, providc calculations to
determine the second order drift forces.




Table 1. Matrix of Code Capabilities - Environment
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Table 2. Matrix of Code Capabilities - Configurations
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Table 3. Matrix of Code Capab
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Table 4. Matrix of Code Capabilities — Non-Hydrodynamic Factors
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MODEL TEST

The second part of the evaluation process was to correlate the output from each of
these codes with two-ship model tests that were performed at MARIN®*'°. The ships
that were tested were 45" scale models of the T-AKR 300 class (BOB HOPE) and the T-
AK 3008 (BOBO). The setup of the test required a new sub-carriage to be built on to the
existing carriage in the Scakeeping basin at MARIN. The BOB HOPE was attached to
the main carriage, and the BOBO was attached to the new sub-carriage as shown in
Figure 1. Both models were free to pitch and heave and constrained in all other modes.
During the test, the heavc and pitch motions, surge and sway forces and roll and yaw
moments were measured. The waves for this set of tests were regular with a nominal
height of 0.75 meters full-scale and frequencies at 0.4, 0.5, 0.6, 0.7, 0.8, and 0.95 radians
per second. The ship-to-wave heading conditions included head to following wavcs with
the BOB HOPE on the weather side of the carriage at the following headings: 180°, 150°,
135°, 120° 90°, 30° and 0° (where 180 ° is head and 0 ° is following). There were also a
few runs made with the BOBO on the weather side at headings of 330°, 270°, and 225°.
The tests were also run for three full-scale separations: 3 meters, 16.5 meters and 33
meters when the models were amidships-to-amidships, and at speeds of 0, 5 and 16 knots.
Other conditions tested included the BOBO both abaft and ahead of the BOB HOPE and
thc BOBO passing the BOB HOPE.

main frame (A-bracket)

backbone of
new sub catriage

travelling
carriage under
backbone

backbone =
of balance system
holding one model

Figure 1. Carriage setup for the MARIN two ship test

Of the complete data set, eight cascs were chosen to compare with the output
from the six simulation codes included in our evaluation, as shown in Table 5. Each of
the eight conditions had the BOBO and the BOB HOPE amidships-to-amidships in
steady state modc. The chosen conditions included a case with a slow specd and close
separation, a case at the highest speed and medium distance separation, and another case
at the highest speed with the largest separation distance. The basis for thc selection of the
eight conditions was to include a wide range of conditions in the amidships-to-amidships
configuration. It was thought that for this initial investigation of multi-ship seakeeping
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eodes, it would be best to evaluate them in the eondition that the seabase was most likely
to be eonfigured. One example correlation case was diseussed in the body of this report
and the other seven are provided in the appendiees of this report. The case shown in the
body of the report is the eondition that represents a 3 meter separation, 135° heading, and
5 knot ship speed.

Table 5. Model Test Conditions used in the Multi Body Simulation Code Evaluation

3 meter separation | 16.5 meter separation | 33 meter separationj
Speed 5 knots 16 knots 16 knots |
Heading 180°,135° 180°, 150°, 120° ~180°,150°, 120° |

UNCERTAINTY ESTIMATES OF MARIN MODEL TESTS

Beecause the model test data are to be used to eorrelate the motion predietions of
eaeh of the six simulation eodes, it 1s important to determine the uneertainty of these
model tests. First, the aceuraey of the instrumentation was investigated. Seecond, an
uneertainty analysis of the piteh and heave response amplitude operator (RAQO) motions
was condueted and finally the vanability of the data eolleetion was determined from 10
repeat test runs for the exaet same eonditions. The result of this uneertainty analysis
provided a measure of the error band of the model test data.

Instrument Accuracy

For proper eomparison to theory, uneertainty estimates have been formulated for
the MARIN multi-vessel tests. The information on uneertainty of these tests provided in
the MARIN reports, references § through 10, was inadequate for the computation of
uneertainty estimates. Uneertainty estimates were provided for the heave and piteh
measurements *, but these estimates were based upon manufaeturer’s speeifications and
not on any ealibration. Piteh angle was cheeked at an angle of 0.50° with an error of
0.01° deg with an inclinometer ° for the BOB HOPE, but the uncertainty in the
inelinometer was not provided. For the foree measurements, the accuracy was elaimed as
+2 %", but no evidence was provided to support this elaim other than experienee.
Typically for sueh a measurement, the uneertainty in load is fixed in physical units. A
pereent in uneertainty is normally refereneed to full-seale, and the full-seale loads were
not provided.

The only useable information provided for uncertainty estimates was the
performance of the wave-maker. The wave frequeney was reported as within £2.5 % for
a wave frequeney range of 0.3 < @< 0.95 rad/s and the wave amplitude within +5 % at a
nominal wave amplitude of 4 = 0.75 m for no model in the basin®.

As a eomparison, uneertainty estimates were performed for heave and piteh.
Suffieient information was not available from the MARIN reports for the forees and
moments. The deviees for the heave and piteh measurements were a pair of Fiama PF700
potentiometers. The aeeuraeies of these deviees were elaimed to be +£0.0045 m in heave
and £0.17° in pitch at full-scale”. Careful review of these devices from manufaeturer’s
speeifieations indieates that these values are incorreet. These deviees were not ealibrated
but piteh was eheeked with an error of 0.01° deg at 0.50° for the Bob Hope model as
stated previously®. None of the measurements as reported by MARIN are traceable to
their national metrology laboratory, Nederlands Meetinstituut (NMi).

N
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The actual specification for the Fiama PF700 is a resolution of 0.1 mm and
linearity of £0.25 %. These values are not the same as uncertainty or accuracy of the
mcasurement. Since the scale factor is A = 45, then the resolution is 0.0045 m, which is
the apparent claim for accuracy. For a 700 mm measurement device at 0.25 % linearity,
thc uncertainty without calibration may be as high as 1.75 mm or 0.079 m full-scale (17.5
times the stated value). Furthermore, the MARIN reports do not report any details on the
use of the 2 potentiometers. For estimation purposes, heave will be assumed to be the
average of the 2 potentiometers. Full-scale heave is then

H=A(y,+y,)/2 (1
where A is the scale factor and y, and y; are the 2 laboratory scale heave measurcments.
From the law of propagation of uncertainty from the ISO Uncertainty Guide'', the
uncertainty in the full-scale heave measurement is then

U, =AU, /I\2 )

where the uncertainty in y; and y; are assumed to be thc same and uncorrelated and thc
uncertainty in scale factor is zero. If the two transducers were calibrated against the same
refcrence standard, then the uncertainties would be correlated, and a different result
would occur. For the purpose of this analysis, the unccrtainty in the potentiomcter at the
95 % confidence level is assumed to be the resolution. The uncertainty in heave is thcn
0.0032 m. The non-dimensional heave or Response Amplitude Operator (RAO) is
defined as

RAO,, =H /A4 (3)
The non-dimensional relative uncertainty in heave is then
Upio/ RAO, =\/(U;;/H)2+(UA /A)Z (4)

where the relative uncertainty in amplitude is assumed to be +5 % at thc 95 % confidcncc
level.
The pitch angle as measured by the two potentiometers is given by

sina=(y,—y,)/x (5
or for small pitch angles
a=(y —y,)/x (6)
The unccrtainty in pitch angle is then
U, ={2U,/x)* +(aU, /x) (7)
With the assumption that the second term will be small, this equation reduces to
U,=2(U,/x) (8)

From the MARIN report, the distance, x, between the two potentiometers is 3
mcters. The uncertainty in angle is then £0.0027° and not £0.17° claimed in the report.
As a practical matter, a good laboratory inclinometer will have an uncertainty between
0.1° and 0.01°. For the purpose of these estimates, a value of £0.01° at the 95 %
confidence will be assumed. This value is also consistent with the error reported by a
comparison with an inclinometer.

The non-dimensional pitch angle is defined by

RAO,=al /4 9)
The relative uncertainty in the RAO is then
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Upio / RAO, = (U, /@) +(U, /L) +(U,/ A)} (10)
The reference length for sealing was the full-seale length of the BOB HOPE of 269.45 m
from Table 1 of Appendix A of referenee 8. The reported toleranee was 5 mm on length
per Seetion 1, p. 5 in reference 10. With a seale factor of 45, the full-seale unecertainty

was assumed to be 0.225 m. The estimated uncertainties of the individual measurements
for heave and piteh are summarized in Table 6.

Table 6. Uncertainty of Measurement Quantities for Heave and Pitch

Quantity | Symbol Ugs Units
Amplitude A 5.0 %
Frequency 0] 2.5 %
Heave H 0.0032 m
Length L 0.225 m
Pitch o 0.01 deg

The results for propagation of the uneertainties are presented in Figure and 3, for
non-dimensional heave and piteh, respeetively. In both eases, the uneertainties are
dominated by primarily the uneertainty in wave amplitude. However, the uneertainty in
the heave and pitch measurements eould easily be underestimated by a factor of 10. In

whieh ease, those terms would be dominant. The effeet of uneertainty in length on piteh
1s essentially nil.
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Repeat Tests

MARIN performed a scries of 10 repeat tests for a heading of 135° and speed of 5
knots. The wave amplitudc was an average of 0.728 m and frequency of 0.60 radians per
second. The wave amplitude of 0.75 m in the table was the nominal test value. The
actual measured values are located in the *.LOG files for each run.

As a practical matter, the variability in the repeat tests is probably larger than
uncertainty estimates from the instrument calibrations. Also, since inadequate
information was available for computation of the uncertainties by the methods of thc
previous scction, uncertainty estimates were computed from the standard deviation in the
mean values for the 10 repeat runs.

Data for the MARIN tests were computed from a harmonic analysis. A more
appropriate calculation appears to be one from standard statistics. The results were
presented as a Response Amplitude Operator (RAO). A ratio was taken of the measured
quantity of motion and the wave amplitude. From a statistical point of view, the ratio is
computed as a ratio of the standard deviations. For a pure sine wave, the resulting ratio is
the same. For a sine wave, the standard deviation and amplitude are related by the
following:

A=-20 (11)
where ois the standard deviation. The statistics were recomputed from the original time
series in the MARIN data files. The results are summarized in Table 7a at the 95 %
confidence limit. In most cases, the resulting uncertainty is higher than reported in
rcference 8. These values in non-dimensional physical units are applied as the vertical
crror bars in subsequent plots with the uncertainty in frequency as +2.5 %. The
uncertainty estimates for the different mcthods are compared in Figures 4 and 5 for heave
and pitch, respectively. For comparison with the percent difference tables computed for
each computational tool, the uncertainty values from the repeat runs were recomputed
using the same normalization that was used to compute the percent difference values
quantifying the difference between the numerical predictions and the model test data.
These values are listed in Table 7b. The standard deviations used in Table 7b represent
the standard deviation of the magnitude of the first harmonic from the repeat runs
computed from harmonic analysis, and are slightly different than the values computed
from standard statistics used in Table 7a. The harmonic values were used here to be
consistent with the percent difference calculations, which were computed from the RAOs
computed for the MARIN tests from harmonic analysis. The percentage values in Table
7b for the 95% confidence limit are normalized with respect to the maximum value of the
quantity over all six frequencies that were tested. This was done to match the
normalization used in the percent differcnce calculations.

Two examples of the time series for the test results at zero speed, zero heading
(following seas), and a wave frequency of 0.4 rad/s are shown in Figure 6. In this case,
the heave response, Figure 6a, is quite sinusoidal; however, the roll response, Figure 6b,
1s relatively random. Consequently, a harmonic analysis will provide results that are
cssentially the same in heave in comparison to a statistical analysis, but the results will be
quite different for the roll moment due to the randomness of the data.
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Table 7a. Uneertainty Estimates from Repeat Tests at 95 % Confidenee Limit

- BOB HOPE BOBO |

U9s5 U95

Quantity Formula | Average| Std Dey| U95 (%) Average| Std Dev ugs (%)
Heave [H/o 0.1224) 0.0146/ 0.0331|27.1 0.3509 0.0148, 0.0336| 96
Pitch a'l/o 2.6191 0.0407| 0.0922] 3.5 3.57 0.142 0.321] 9.0
Surge  |[Fx/pgL’c| 0.013111| 0.000951 0.00215 16.4] 0.006745| 0.000329(0.000745 11.0
Sway Fy/pgl’c| 0.008061 0.000475( 0.00107] 13.3 0.00715| 0.000360(0.000815| 11.4
Roll Mx/pgl’o] 0.000267] 1.96E-05 4.43E-05( 16.6) 0.000242| 4.61E-05]0.000104 43 1]
Yaw Mz/pgl’c] 0.003382 9.81E-05{0.000222| 6.6/ 0.001129| 2.73E-05(6.19E-05| 5.5

Table 7b. Uncertainty Estimates from Repeat Tests at 95 % Confidenee Limit,
normalized in same manner as Percent Differenee values for computational methods

HOPE BOBO
Quantity |  Units Max Std. Dev. U95 [ U95% | Max | Std. Dev. U9s | U95%
Heave m/m 0.820 | 001136 | 0.02568 | 3.13 0.990 | 0.00688 | 0.01554 | 1.57
Pitch deg/m 0.660 | 001251 | 0.02826 | 4.28 0.790 | 0.01369 | 0.03093 | 391
Surge kN/m 3907.62 8450 | 19097 | 4.89 | 3006.72 58.10 13132 ] 437
Sway kN/m 7365.06 14680 | 331.76 | 450 | 7067.98 100.18 | 22641 | 3.20
Roll (kNmym | 3756481 186.85 | 42228 | 1.12 | 2249854 302.13 | 68281 | 3.03
Yaw (kNm)/m | 641320.5 [ 15217.2 | 34390.9 | 5.36 ] 3304386 | 7535.16 | 170295 | S.15

DESCRIPTION OF COMPUTATIONAL TOOLS

This section provides a general discussion of the computational methods used by
the predietion eodes in this study. All of the numerical methods employed by the
computational hydrodynamie tools were based on potential flow theory and were either
panel methods or used eoeffieients obtained from panel methods. Panel methods are the
most practical tools eurrently available for predieting the motions of multiple ships in
moderate seas. The methods differed in the type of singulanty distributed on the panels
and whether the panel methods solved the problem in the time domain or frequeney
domain. The types of methods used by the tools in this study to prediet the response of
two or more ships operating in a scaway can be grouped into the following categories:

1.
Z

Time domain tools based on externally eomputed impulse response funetions
Time domain / frequeney domain tools that are based on the zero-speed free

surface Green’s Funetion
Time domain Rankine panel methods
Frequeney domain tools that are based on the zero speed free surface Green's

funetion.

There are other types of computational methods that eo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>